Iron oxides are among the most abundant materials on earth and yet there are some of their basic properties which are still not well established. Here, we present temperature-dependent magnetic, X-ray and neutron diffraction measurements refuting the current belief that the magnetic ordering temperature of ε-Fe2O3 is ~500 K, i.e., well below that of other iron oxides such as hematite, magnetite or maghemite. Upon heating from room temperature, the saturation magnetization of ε-Fe2O3 nanoparticles undergoes a monotonic decrease while the coercivity and remanence sharply drop, virtually vanishing around ~500 K. However, above that temperature the hysteresis loops present a non-linear response with finite coercivity, 3
I. INTRODUCTION
Iron oxides constitute an exceptional family of materials that have been studied for many decades, because they present fundamental interest and proved and promising applicability for new technologies based on biochemical, magnetic, catalytic or multiferroic properties. [1] [2] [3] [4] Apart from the amorphous Fe2O3, Iron (III) oxide shows four known polymorph crystal structures: -Fe2O3 (hematite), -Fe2O3 and -Fe2O3 (maghemite) and -Fe2O3. 5 While hematite is the most common phase, -Fe2O3 is the most elusive and one of the less studied polymorphs. This is because its formation requires the mutually exclusive conditions of high temperatures and small sizes. [6] [7] [8] The use of sol-gel methods with Si alcoxides and Fe salts made it possible to confine Fe2O3 nanoparticles in a silica matrix to prevent their growth while annealed above 1000ºC, allowing, for the first time, to obtain virtually pure -Fe2O3, opening the door to the study of this rare polymorph. [9] [10] [11] The structural characterization evidenced a complex non-centrosymmetric Pna21 structure isomorphous to the multiferroic GaFeO3, with four Fe sites in the asymmetrical unit: three in octahedral and one in tetrahedral environments. 8 The magnetic studies revealed an unexpected huge room temperature coercivity: 20 kOe, making it the transition metal oxide with the highest coercivity and an appealing material for the next-generation high-density magnetic recording media, highfrequency electromagnetic wave absorbers or a building block for exchange coupled permanent magnets. [12] [13] [14] [15] Moreover, other important functionalities of -Fe2O3 are related with its magnetoelectric 16 and multiferroic properties. 4 These properties, quite unique among single metal oxides, stem from the structural features specific to this polymorph, in spite of being considered a structural intermediate between α-Fe2O3 and γ-Fe2O3. Its structure produces a rich temperature-dependent diagram of magnetic phases. Between TC = 500 K and TN2 = 150 K, -Fe2O3 exhibits a collinear ferrimagnetic structure due to the antiferromagnetic (AF) coupling (parallel to the a-axis) between dissimilar magnetic sublattices. This oxide then presents a broad low-temperature incommensurate magnetic transition starting at 150 K (ICOM1) [17] [18] , characterized by a large reduction of the coercivity, the remanent and the saturation magnetization 17 . Under further cooling, below TN3 ≈ 85 K, a second incommensurate magnetic order (ICOM2) takes place. 13 Noticeable anomalies in the dielectric permittivity were reported in conjunction with these two successive transitions 16 . In addition, significant magnetostriction effects were observed in the interval 85-150 K where magnetic changes take place and spin-lattice coupling brings about atomic shifts within the orthorhombic cell and a non-monotonous evolution of the Fe-O bonds 19 . A nonzero orbital magnetic moment (mL ~ 0.15 B/Fe at RT under 40 kOe) was detected by x-ray magnetic circular dichroism (XMCD) in the hard collinear ferrimagnetic phase (150 K < T < 490 K), which is suppressed by the magnetostructural changes concurrent with the magnetic transitions within the 85-150 K interval. 15 On cooling, the coercive field drops in that interval from 20 kOe to 0.8 kOe, and then increases again under further cooling in the lowtemperature magnetic phase (ICOM2), below 85 K. 14 Likewise, a reentrant behavior of the orbital moment was also monitored by XMCD in the low temperature magnetic phase. 14 The concurrent magnetostructural changes in the coordination polyhedra around Fe 3+ sites and the reentrant evolution of the orbital moment should be seen as the signature of a relevant spinorbit coupling in this magnetoelectric compound. Finally, the RT coexistence of ferrimagnetism and ferroelectricity, albeit with a small magnetocapacitance response, in thin epitaxial films of ε-Fe2O3 further highlights the relevance of magnetoelastic couplings in this system, for which possible multiferroic properties in bulk form are still a subject of debate.
Importantly, although the Curie temperature of ε-Fe2O3 has been postulated as TC  500 K, 3, 11, [20] [21] [22] [23] no systematic studies of the magnetic properties above this temperature can be found in the literature.
Using diffraction and magnetometry techniques, we have investigated the magnetic and magnetostructural properties of -Fe2O3 nanoparticles at high temperatures (T >500 K). The results evidence that contrary to the established scenario, -Fe2O3 remains ferrimagnetic up to at least T = 850 K, although with a reduced magnetization and a moderate coercivity.
II. EXPERIMENTAL DETAILS
In order to have a good signal to noise ratio in neutron diffraction studies it is desirable to perform measurements using more than 1. dissolved, then about 5 g of SiO2/ε-Fe2O3 composite were added to it and stirred overnight in a hot plate set at 80 ºC using a water refrigerated condenser to avoid evaporation of water and a silicone oil bath to maintain an homogeneous temperature around the flask. Then the suspension was centrifuged at 6000 rpm for 2 min and the supernatant was discarded. The collected solid was re-dispersed in water and the centrifugation was repeated twice. Finally the tubes used for centrifugation were placed in a stove at 60ºC and about 1.5 g of ε-Fe2O3 nanoparticles were collected after drying.
The quality of the samples was assessed by transmission electron microscopy, magnetic measurements and x-ray diffraction, as reported earlier 6, 17 . Synchrotron x-ray powder diffraction patterns (SXRPD) were collected at the BL04-MSPD beamline 24 of the ALBA Synchrotron Light Facility (Barcelona, Spain) using λ= 0.41284(6) Å. Patterns were recorded every 90 s by the MYTHEN position sensitive detector while warming the sample from 300 up to 923 K at a rate of 3 K/min. The working temperature was set using a CYBERSTAR hot air blower. Neutron powder diffraction (NPD) patterns were collected using the highintensity, high-resolution D2B diffractometer of the Institute Laue-Langevin (ILL, Grenoble), between room temperature (RT) and 850 K (λ=1.594 Å). Structural and magnetic Rietveld refinements were carried out using the Fullprof program 25 . Crystallographic tools from the Bilbao Crystallographic server [26] [27] [28] and ISOTROPY Software Suite 29 were also used.
The magnetic characterization, using dc and ac magnetic fields, was performed with the asprepared -Fe2O3 nanoparticles embedded in SiO2, using a Superconducting Quantum
Interferometer Device (SQUID) and a Vibrating Sample Magnetometer (VSM) in a Physical
Properties Measuring System (PPMS) both from Quantum Design. For the VSM measurements the -Fe2O3/SiO2 material was mixed with a high-temperature alumina cement.
The use of -Fe2O3/SiO2 composite instead of -Fe2O3 was necessary to avoid the transformation of -Fe2O3 to magnetite due to high temperatures and the vacuum environment during the measurements. The ac-susceptibility measurements were performed at 30 Hz and 1 kHz with a magnetic field amplitude of 4 Oe from 300 K to 750 K. The temperature dependence of the magnetization, M, was studied after zero field cooled (ZFC) and FC conditions under a dc field of 1 kOe from 300 to 900 K. Hysteresis loops were obtained between 900K and 300 K with a maximum applied magnetic field of 70 kOe.
III. RESULTS AND DISCUSSION
First it is worth emphasizing that the orthorhombic Pna21 structure was stable up to the highest temperature reached (923 K). Namely, no transition to other more stable iron oxides (e.g., α-Fe2O3 or γ-Fe2O3) has been observed up to that temperature. The structural parameters of ε-Fe2O3 and agreement factors from the refinement of SXRPD patterns obtained at 305 K and 510 K can be seen in Table I . "r" and "t" refer to "distorted", "regular" and "tetrahedral" polyhedral coordination , respectively.
The presence of very minority impurities was carefully explored by a detailed examination of high intensity synchrotron patterns. We detected a 2.3(9)% in weight of -Fe2O3 (hematite)
as impurity phase in our nanograin ceramic samples of -Fe2O3 (corresponding to the bottom row of bars in the refined synchrotron pattern shown in Fig. 1(b) ). This corresponds to a 0.7 wt. % in the SiO2/Fe2O3 composite used for magnetic measurements. 
III-a Magnetometry
The temperature dependence of the ZFC and FC magnetization of the ε-Fe2O3 particles embedded in SiO2 is plotted in Fig. 2(a) . Two ferrimagnetic regimes with very different magnetic behavior can be clearly distinguished below and above ~500 K (denoted FM2 and FM1 respectively). Remarkably, contrary to the scenario assumed in previous reports, the ferrimagnetic FM2 phase does not become paramagnetic above 500 K. The M(T) evolution in Fig. 2 reveals a second phase transition, evidencing the existence of a new ferrimagnetic state (FM1) between 500 K and ~850 K. The transition temperature between FM1 and FM2 can be established at TN2 = 480 K by the lambda-shaped peak in the ac susceptibility vs temperature curve presented in the inset of Fig. 2(a) . From the hysteresis loops at T > 500 K it can be clearly seen that FM1 presents a ferromagnetic behavior with finite net magnetic moment and coercivity, HC. However, as can be seen in Fig. 2 kOe at RT, it remains moderate (~400 Oe) even at T >>500K (TN2) (see Fig. 2(d) ).
Importantly, from the evolution of the magnetic properties it can be established that the critical temperature of the FM1 phase is about TN1 ~ 850 K. Hence, although there is a drastic breakdown of the hard ferrimagnetic state at TN2 = 480 K, it does not give rise to a paramagnetic phase, but it is transformed into a new softer ferrimagnetic state. 
III-b Neutron diffraction study of the successive ferrimagnetic phases
To better understand the nature of the very high-temperature ferrimagnetic phase a systematic NPD study was performed.
As can be seen in Fig. 3(a) , the intensity of the magnetic peaks (011) and (002) progressively decreases as the temperature is increased from RT to 850 K. In agreement with the magnetization results, the intensity of the magnetic peaks remains finite even far above TN2.
However, the temperature dependence of the integrated intensity of the (002) peak (proportional to the ordered moment), shown in Fig. 3(b) , strongly differs from a Brillouintype evolution and exhibits the shape of a long magnetic tail that persists far beyond TN2.
The magnetic structures and atomic ordered moments were fully analyzed using the neutron Using a molecular-field model, the appearance of spontaneous magnetization in the FM2 phase of ε-Fe2O3 has been associated with the lower superexchange ZijJij values of the tetrahedral site, compared to those of octahedral sites. 22 As can be seen in Fig. 3d the ordered moments at the Fe1d and Fe2d sites are larger than in the Fe4t tetragonal site in the whole range above room temperature, in concordance with the theoretical predictions. On another hand, our neutron diffraction results establish that the abrupt enhancement of the magnetization below TN2 takes place concurrently with the long-range ordering of Fe4t magnetic atoms occupying the tetrahedral site.
Interestingly, the new ferrimagnetic-paramagnetic boundary is shifted towards the upper characteristic ordering temperatures of ferrimagnetic iron oxides, 950 K for -Fe2O3, 940 K for γ-Fe2O3 and 853 K for Fe3O4, indicating that ε-Fe2O3 presents comparable magnetic coupling strengths. Notably, the NPD analysis unambiguously demonstrates that the ordered magnetic components are associated to ε-Fe2O3, ruling out the possibility that the magnetic response above 480 K might be due to impurities of the ferrimagnetic oxides mentioned above, which present a completely different set of magnetic reflections (see Fig. S1 of the Supplementary Material). Additionally, the fact that some of the magnetic peaks, although very broad, remain finite at 850 K may indicate the possible existence of a frustrated (with no long-range order) ferrimagnetic phase even above TN1, similar to other oxide systems.
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III-c Magneto-structural coupling at the ferrimagnetic transitions studied using synchrotron x-ray diffraction
Magnetic ordering at high temperatures in ε-Fe2O3 concurs with significant magnetostructural and thermal expansion anomalies, as shown by the evolution of the orthorhombic cell obtained from SXRPD ( Figure 5 ). The cell volume reveals an abrupt contraction (-0.1%) at about 500 K upon cooling from high temperature (Fig. 5(a) ) with the appearance of the hard exchange-striction effects come up accompanying the hard/soft ferrimagnetic phase boundary (Fig. 2) . Similarly, the evolution of b(T) in Fig. 5 (c) also shows a significant anomaly in the range 700-825 K which could be caused by the appearance of magnetic order at Fe1d and Fe2d sites in the FM1 phase, which is in concordance with the small deviation observed in b(T) near ~800 K (Fig. 5(b) ). Note that the exchange-striction effect at TN1 provides further evidence that the magnetic properties between 480 K and 850 K do not originate from impurities, but from the FM1 phase of ε-Fe2O3.
In this way, although both ferrimagnetic phases exhibit the same magnetic space group (Pna'21' (n. 33.147)) and moment orientation (parallel to a), the observed magnetostructural response is very different in both transitions. The origin of these differences should correlate with the dissimilar character of each of the phases (i.e., fully ordered FM2 vs partially frustrated FM1).
IV. CONCLUDING REMARKS
In the preceding sections we have investigated the puzzling magneto-structural properties 
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